The discovery of RNA catalysis in the 1980s and the dissemination of the human genome sequence at the start of this century inspired investigations of the regulatory roles of noncoding RNAs in biology. In fact, the Encyclopedia of DNA Elements (ENCODE) project has shown that only 1−2% of the human genome encodes protein, yet 75% is transcribed into RNA. Functional studies both preceding and following the ENCODE project have shown that these noncoding RNAs have important roles in regulating gene expression, developmental timing, and other critical functions. RNA's diverse roles are often a consequence of the various folds that it adopts. The single-stranded nature of the biopolymer enables it to adopt intramolecular folds with noncanonical pairings to lower its free energy. These folds can be scaffolds to bind proteins or to form frameworks to interact with other RNAs. Not surprisingly, dysregulation of certain noncoding RNAs has been shown to be causative of disease. Given this as the background, it is easy to see why it would be useful to develop methods that target RNA and manipulate its biology in rational and predictable ways. The antisense approach has afforded strategies to target RNAs via Watson−Crick base pairing and has typically focused on targeting partially unstructured regions of RNA. Small molecule strategies to target RNA would be desirable not only because compounds could be lead optimized via medicinal chemistry but also because structured regions within an RNA of interest could be targeted to directly interfere with RNA folds that contribute to disease. Additionally, small molecules have historically been the most successful drug candidates. Until recently, the ability to design small molecules that target non-ribosomal RNAs has been elusive, creating the perception that they are "undruggable". In this Account, approaches to demystify targeting RNA with small molecules are described. Rather than bulk screening for compounds that bind to singular targets, which is the purview of the pharmaceutical industry and academic institutions with high throughput screening facilities, we focus on methods that allow for the rational design of small molecules toward biological RNAs. One enabling and foundational technology that has been developed is two-dimensional combinatorial screening (2DCS), a library-versus-library selection approach that allows the identification of the RNA motif binding preferences of small molecules from millions of combinations. A landscape map of the 2DCS-defined and annotated RNA motif−small molecule interactions is then placed into Inforna, a computational tool that allows one to mine these interactions against an RNA of interest or an entire transcriptome. Indeed, this approach has been enabled by tools to annotate RNA structure from sequence, an invaluable asset to the RNA community and this work, and has allowed for the rational identification of "druggable" RNAs in a target agnostic fashion.
■ INTRODUCTION
In the field of small molecule probes of function or lead therapeutics, we currently live in a protein-centric world; 1 however, many believe that life on earth is a direct descendent of an RNA world. Large-scale functional genomics studies as well as the ENCODE project suggest that much more of the human genome is transcribed than is translated. 2 Thus, RNA plays essential and critical roles in cellular biology beyond translation of a disease-causing protein. An analysis of the protein targets that are "druggable" with small molecules suggested that 15% of all proteins are in "druggable" families, whereas 85% are not. 3 This analysis greatly underestimates the number of "undruggable" biological targets because RNA has not been considered, as most of the genome (∼75%) is transcribed into RNA whereas only a small portion (1−2%) encodes protein. 4 Although some of these mRNAs may encode a "druggable" protein target, many encode for proteins that are not in "druggable" families. Combined with the large number of noncoding RNAs, the number of biologically important targets that have yet to be targeted with a small molecule in a cell greatly increases.
Although the antisense approach is a rules-based approach to design compounds that target unstructured regions, 5−7 RNA is a well-known target of chemical probes of function or lead therapeutics. For example, antibacterial agents targeting the bacterial ribosome are tried and true RNA-targeting small molecules. 8−10 Likewise, bacterial riboswitches, which change their shapes by binding small molecule metabolites, 11, 12 are also targets of small molecules. 13 Mimicking the structure of the endogenous ligand to identify higher affinity binders is typically used to target riboswitches, although other target sites have been recently disseminated. 13 Both the bacterial ribosome and riboswitches are generally outliers compared to RNA targets in the human transcriptome. The ribosome comprises 80% of the total RNA in a cell 14 and plays the critical function of translating cellular protein, likely contributing to its status as a good target and why many ribosome-targeting drugs lie outside of chemical compositions that would be viewed as "drug-like." These drugs can have higher molecular weights and larger charges than what would typically be considered "drug-like", and because of the large abundance of ribosomes relative to other off targets, ribosomes are the more likely occupied cellular target of these compounds. A typical mRNA, however, accounts for ≪1% of total cellular RNA, and thus, more precise recognition is required for one of these targets to be occupied by a small molecule in a cell. Because most RNAs do not have an endogenous small molecule ligand, structural mimicry approaches are not a general, viable design strategy. Lead compounds have been identified by high throughput screening (HTS), but this screening method is expensive, labor intensive, and often results in nonselective compounds, some of which have unclear targets that could be either protein or RNA. In cases such as the efforts of PTC Therapeutics, Roche, and Novartis to identify compounds that modulate RNAs that are causative of muscular dystrophy and spinal muscular atrophy, however, lead optimization after screening has afforded molecules that have been or are in the clinic. 15−17 There have been other RNAs that are the targets of small molecules, including quadruplexes, 18−20 but rational approaches, as discussed in this Account, have been sparsely reported.
Historical Approaches in Nucleic Acids as Inspiration and Indispensable Tools
Given the goal of developing rational and predictable methods to target RNA, ideally from sequence, we were inspired by work in several areas. One of the major advantages of studying RNA is that its structure can be annotated and predicted from sequence. 21−23 The nexus of this work was the study of the thermodynamic stability of RNA base pairs and of noncanonically paired regions studied by Doty, Tinoco, Turner, and others. 24−27 This data set of free energy increments of RNA pairs was used by Zuker to construct algorithms to predict the structure of RNA from sequence. 28 Subsequent work by Turner and Zuker improved the parameters for RNA secondary structure stability. 29, 30 Additionally, it became clear that prediction alone would not be sufficient to deduce the correct structure for larger RNAs and some shorter ones. Thus, free energy minimization and alignment protocols 31 were developed as well as the ability to incorporate chemical modification and other experimental parameters to restrain folding. 22 The latter modification restraints can be obtained in cells to define regions of an RNA that are not structured by using dimethyl sulfate (DMS) and other reagents originally used for Gilbert−Maxim sequencing 22 or selective 2′-hydroxyl acylation analyzed by primer extension (SHAPE). 32 RNA folding in vivo is often not at thermodynamic equilibrium, and the use of other mapping and prediction methods can help to decipher folding landscapes in cells and living organisms. 33−35 Each of these methods go hand-in-hand with RNA secondary structure prediction by phylogenic comparison, which has been invaluable to not only define RNA structures but also to reveal new kingdoms of life by Woese. 36, 37 Another foundational approach that inspired the field of RNA small molecule targeting is Dervan's polyamides that target DNA. 38, 39 Initially inspired by the molecular recognition of the DNA minor groove by natural products such as distamycin, Dervan and co-workers defined building blocks in small molecules that sequence-specifically target a DNA duplex. Thus, by custom assembling these compounds together, small molecules can "read out" DNA sequences. Unfortunately, there is no distamycin equivalent for RNA that can be used to decipher broad rules for recognition of RNA base pairs. Recent studies, however, have identified small molecules that target RNA AU base pairs specifically. These compounds have been used to design a modulator of cellular toxicity in spinocerebellar ataxia type 10. 40 Given the ability to obtain structural information about an RNA from sequence, the question is how to leverage these data to enable the design of small molecules targeting RNA in a comprehensive and general way. Key strategies include (i) the development of a set of rules or at least the identification of the types of ligands that can bind to RNA motifs with high affinity and selectivity and (ii) the development of a high throughput and facile method to define privileged RNA motifs that bind small molecules and privileged small molecules that bind RNA motifs. These types of data could be merged with RNA secondary structure prediction and annotation from sequence to identify preferred small molecule target sites and the RNAs that contain them. If one could target these RNAs in cells, functional consequences and target selectivity could be probed, the latter of which would be particularly important due to the polyanionic nature of the biopolymer and the often incorrect perception that RNA motifs are not unique to a given RNA. 41 
Development of Two-Dimensional Combinatorial Screening to Identify RNA Motif−Small Molecule Binding Partners
Given the polyanionic nature of RNA and the observation that small molecules targeting the ribosome do not display exquisite selectivities that are typically observed with protein-targeting ligands, a challenge of high importance in this area is to develop a framework in which designer chemical probes targeting RNA could be informed from a knowledge base of highly selective interactions. Systematic evolution of ligands by exponential enrichment (SELEX) and directed evolution experiments have shown that RNAs can be evolved from large pools to bind small molecule ligands with high affinity and selectivity. 42−44 Because of the complexity of the starting library, which could theoretically have trillions of members, multiple rounds of selection are completed to identify a population of binders that recognize a target. These selected RNAs, although they bind ligands with high affinity and selectivity, are quite large and would be difficult to identify within the human transcriptome.
We sought to develop a framework in which small RNA motifs that are present in the transcriptome, such as bulges, hairpins, and internal loops, could be rapidly screened for binding to small molecules with high affinity and selectivity ( Figure 1 ). If such an approach were possible, it would define privileged RNA space that binds small molecules and chemotypes that engender affinity and selectivity for RNA. In an initial test of this method, the aminoglycosides neamine and kanamycin A were acylated at their 6′ positions with 5′-hexynoic acid. 45 These two compounds were selected as they are derivatives of known compounds that bind RNA, but acylation of the 6′ amine, a main mode of aminoglycoside resistance, 46 ablates binding to mimics of the bacterial A-site. Thus, although built on an RNA-binding scaffold, the ability of these compounds to bind RNA motifs was unknown. Indeed, these studies identified RNAs that bind the neamine and kanamycin A derivatives with nanomolar affinity and high selectivity compared to those of other RNAs in the library that were not selected for binding to the small molecules. 45 Given the myriad of RNA structural motifs that are present in the transcriptome, we sought to develop an approach that allowed us to screen small molecule libraries for binding to RNA motifs in a single library-versus-library experiment ( Figure  2 ). When used with nucleic acids, such an approach allows for a straightforward read-out of the binding RNAs by using standard sequencing approaches. To develop this method, we required a platform that would allow us to screen small molecules quickly for binding to targets using minimal amounts of material. Small molecule microarrays, 47 in which compounds are spatially arrayed onto a surface, provided such a platform.
The advantage of small molecule microarrays is that they allow for screening of thousands, if not millions, of interactions in a single experiment. Thus, RNA binding to small molecule microarrays was straightforward, but the following step of identifying the bound RNAs was not. To address this problem, we utilized agarose-coated microarrays, which allowed bound RNAs (derived from an RNA library) to be harvested by simple gel excision. 48, 49 Subsequent RT-PCR amplification of the harvested RNA allowed for easy identification by using standard sequencing approaches. This library-vs-library screening method was dubbed 2-dimensional combinatorial screening (2DCS). 2DCS has been used to mine the binding capacity of various small molecules to RNAs including bis-benzimidazoles, 50 amino-benzimidazoles, 51 aminoglycosides, 49 and others. 52 These studies identified lead compounds that bound RNA with high affinities and selectivities (over other RNAs and DNA), or a set of privileged RNA motif−small molecule partners.
Structure−Activity Relationships Through Sequencing (StARTS)
Sequencing reactions to deconvolute selections such as 2DCS and SELEX are used to identify lead binding compounds, but not to score the relative affinities of the population of binders. Thus, we sought to develop theoretical frameworks to allow for a 2DCS experiment to read out binders and to score binding interactions, thus defining the affinity and selectivity of all members of the RNA library. Our statistical method was dubbed Structure-Activity Relationships Through Sequencing, or StARTS. 51, 53 In StARTS, the RNA motifs that are selected to bind a small molecule are identified, and the substructures within the selected motifs are analyzed by using the statistical score Z obs . The premise behind StARTS is that, for a given selected RNA motif, there are multiple submotifs that can interact with the small molecule and drive apparent affinity; the greater the occurrence of a submotif, the larger the contribution to apparent affinity and the higher the value of Z obs . For each RNA Figure 1 . RNA is a single-stranded biopolymer that adopts various conformations beyond those solely described by Watson−Crick base pairing. For example, RNA can form noncanonically paired internal loops, bulges, and hairpin loops. One major advantage that RNA has over other biopolymers is that information about its structure can be deduced from its sequence by using computational approaches with or without experimental constraints. Targeting these noncanonical structures can be accomplished with small molecules, which is the focus of this Account. Figure 2 . Developing methods to identify the RNA motifs that bind small molecules avidly, namely 2-dimensional combinatorial screening (2DCS). 2DCS is a library-vs-library method that probes both small molecules and RNA motif space simultaneously, and the resulting data comprise a database of annotated RNA motif−small molecule binding partners. Briefly, a small molecule library is spatially arrayed onto microarray surfaces and probed for binding to a library of RNA motifs embedded in a unimolecular hairpin cassette. Small molecules on the array capture members of the RNA motif library that they bind. Binders are excised from the microarray surface and sequenced.
motif, a sum of all Z obs features (ΣZ obs ) is computed. A plot of ΣZ obs as a function of apparent affinity can be fit to define a scoring function for the entire RNA library as the apparent affinity of the complex scales with the sum of Z obs . This approach can also allow one to determine the selectivity of small molecules between different RNA motifs. 51 Normalization of ΣZ obs values from a given selection affords a fitness score for every RNA in the library.
Inforna: Mining for Druggable RNA Targets from Sequence: A Target Agnostic Approach Each of the above studies was completed to define the ligandability of RNA motifs for small molecules. These data were incorporated into a lead identification strategy to identify druggable RNAs that we named Inforna. 54 Inforna compares the secondary elements (motifs) within a target RNA to motifs in our database of RNA motif−small molecule interactions, affording lead compounds (Figure 3) . By computing the potential ligand binding, identified by 2DCS and annotated by StARTS, the approach essentially uses the output of a selection for a small molecule to identify its preferred RNA target in a cell. Thus, the approach is not focused on a specific target but rather is "target agnostic".
We applied this data set to design chemical probes of RNA function in a target agnostic fashion for human microRNA (miRNA) precursors. Precursor miRNAs are perhaps an ideal class for a target agnostic approach for drug discovery. 55 These RNAs play diverse roles in biology, and their dysregulation causes cancer, immune diseases, and a variety of other maladies. The secondary structures of miRNA hairpin precursors are readily predictable from sequence. Further, Dicer and Drosha cleavage sites within hairpin precursors can be used to restrain secondary structure prediction; 56 Dicer and Drosha cleavage sites can be easily discerned from RNA-seq reads of miRNAs, which provide rich data on the sequences of mature miRNAs. Binding of a small molecule to the Dicer or Drosha nuclease processing sites could affect the biogenesis of the miRNA.
Prior to these studies, there were no known selective small molecule modulators of miRNA function. Given the ability to predict their secondary structures accurately, which miRNA precursors were targetable with the small molecules in our Inforna database could be easily computationally queried. Further, the output from Inforna could also be used to predict other miRNA precursors with the same targetable motif and how selectively a compound can modulate a specific miRNA. That is, it is important to know how many of these targetable RNA motifs are present in miRNA precursors and the small molecule's preference for each site, which is predicted by their fitness scores.
Inforna identified over two-dozen human miRNA precursors that are disease-associated and could be targeted with a small molecule. 54 The most avid interaction was between a benzimidazole (1) and the Drosha site in the microRNA-(miR)-96 hairpin precursor. The benzimidazole has favorable properties to accommodate binding to RNA, and the bulky tbutyl groups located at the benzene ring ablate any potential binding to DNA. MiR-96 is upregulated in triple negative breast cancer and silences FOXO1 transcription factor. 57 The Drosha target site for 1 was predicted via StARTS and confirmed via experiments to be the highest affinity RNA motif that binds to the ligand from the entire 4,096-member RNA motif library. 54 Thus, this RNA motif−small molecule partner is a highly selective interaction that, in theory, could provide selective inhibition of miR-96 biogenesis in breast cancer cells.
Compound 1 was validated for binding to the Drosha site in miR-96 hairpin precursor in vitro by using a nuclease protection assay. These studies confirmed that the compound indeed recognized the predicted site. 54 Interestingly, at 10 μM, 1 inhibits the production of mature miR-96 but does not affect miR-182 and miR-183, which are produced as a single transcript (pri-miRNA) with miR-96. 57 Thus, in this particular case, a small molecule can precisely inhibit biogenesis of one mature miRNA without affecting the others in the transcript, showing a lack of cooperativity in the processing of the cluster. The compound was also found to boost the production of primiR-96 and inhibit production of pre-miR-96, which is consistent with the compound targeting the Drosha site. 54 Additionally, 1 de-repressed expression of FOXO1 (regulated by miR-96) but not control proteins. 54 In breast cancer cells, 1 triggered apoptosis. To probe if the compound triggered apoptosis via the FOXO1-miR-96 circuit, siRNA was used to ablate FOXO1 mRNA. When FOXO1 was ablated, the effect of the compound for triggering apoptosis was reduced by ∼75%. 54 Notably, siRNA ablation of a control RNA did not affect compound potency. There are several implications of this study. First, 1 is a pathway-selective inducer of apoptosis. Second, the interaction between miR-96 and FOXO1 plays a highly significant role in silencing apoptosis in breast cancer cells. Pleotropic effects are a hallmark of miRNA activity as multiple miRNAs can affect a single mRNA and a single miRNA can affect multiple mRNAs. In this case, however, it appears that a major driver of phenotype is the activity of a single miRNA (miR-96) against a single mRNA (FOXO1).
These functional studies suggest that 1 is selective, as predicted by 2DCS and StARTS. To gain further insight into the miRNA selectivity of the compound, qRT-PCR studies were completed on all miRNAs that had sufficient expression in MCF-7 breast cancer cells, nearly 200 different miRNAs. No other miRNA's expression was significantly affected at a dose of Figure 3 . Inforna approach to design small molecules targeting RNA from sequence. This approach is target agnostic as it computes the most optimal binders to RNA noncanonical motifs from all human miRNA hairpin precursors. Lead compounds are then tested for bioactivity and for specific modulation of the biological functions of an RNA.
1 that inhibited 90% of the biogenesis of miR-96. 54 The small molecule's ability to inhibit biogenesis of miR-96 was compared to antisense oligonucleotides, both full antagomirs and seedtargeting locked nucleic acids (LNAs). In both cases, the small molecule had selectivity that rivaled or exceeded that observed with these oligonucleotides. 54 Collectively, these studies have shown that small molecules can precisely target miRNA precursors and display selectivities that rival modalities that target miRNAs based on Watson−Crick base pairing.
In Vivo Activity of Designer Compounds Targeting Oncogenic Noncoding RNAs
One challenge with drugging RNA is pushing compounds beyond cellular models and into disease-relevant in vivo models. For the case of the miR-96 targeting benzimidazole, the low micromolar activity of the compound was not sufficiently potent to translate into in vivo models. Thus, we sought methods to quickly lead optimize 1 for both potency and selectivity of binding. Ideally, the binding constants and concentrations of compound that are required to affect biology should be in the nanomolar regime such that an in vivo delivered dose of the compound saturates affected tissues.
Thus, Inforna was used to lead optimize 1 by mining the miR-96 hairpin precursor for compounds that bind motifs adjacent to the Drosha site. A lead compound that binds the adjacent site could then be linked to 1 to afford a dimeric small molecule (Figure 4) . Indeed, a bis-benzimidazole was identified that bound to a 1 × 1 nucleotide GG internal loop that is adjacent to the Drosha site in the miR-96 hairpin precursor. By using rules for spanning the distance of two base pairs, 58 the compound Targaprimir-96 was developed (Figure 4) . 59 This compound bound with a low nanomolar dissociation constant to the target miRNA hairpin precursor. Mutational analysis in which either the 1 × 1 GG internal loop was mutated to a GC base pair or in which the 1 × 1 UU internal loop in the Drosha site was mutated to the AU base pair showed that the binding of Targaprimir-96 was ablated. 59 Additionally, the compound is RNA-selective as there is no saturable binding of the compound to AT-rich DNA despite the fact that the bis-benzimidazole that targets the 1 × 1 GG internal loop is a known DNA binder.
Cell culture studies showed that Targaprimir-96 decreased mature and pre-miR-96 levels and boosted pri-miR-96 levels at a concentration as low as 30 nM with an IC 50 of ∼50 nM. Targaprimir-96 also inhibited Drosha processing of pri-miR-96 at low nanomolar concentrations in vitro, and the binding site was further confirmed by protection from cleavage by S1 nuclease in vitro. The compound also derepressed the effect of miR-96 on FOXO1 expression, enhancing protein amounts by 2-fold when 50 nM of Targaprimir-96 was used. 59 These studies were completed in both MDA-MB-231 (a cellular model of triple negative breast cancer) and 4175 (a breast cancer cell line that metastasizes to lung). 60 Additionally, the compound triggers apoptosis at 50 nM. This effect is ablated upon exogenous overexpression of miR-96. 59 For the compound's properties to be studied in vivo, drug metabolism and pharmacokinetics studies were completed. These studies showed that Targaprimir-96 has a favorable pharmacokinetic and metabolism profile as the concentration in serum is greater than 1 μM at 48 h post-IP injection of either 2 or 7 mg/kg, 20-fold higher than the amount of compound needed to trigger apoptosis in cell culture. 59 Thus, the effect of Targaprimir-96 on tumor growth in vivo was assessed. IP injection of 10 mg/kg compound was well tolerated in animals and ablated tumor growth over the course of 21 days. Resected tumors were analyzed for protein and miRNA content and showed that Targaprimir-96 boosted FOXO1 expression and silenced miR-96 in vivo (Figure 4) . 59 
Conclusions and Future Perspectives
As we have described in this Account, it is possible to design small molecules targeting RNA from sequence by using entire segments of the transcriptome. Although the focus of this Account was on the application of technologies to target miR-96, this approach can also provide small molecules that affect other cancer-associated miRNAs. 61, 62 As more is learned about noncoding RNAs and their roles in disease biology, it is provocative to think that Inforna could quickly deliver lead therapeutics and chemical probes of function. Although the foundation for this idea has been set, there will be a need for further advancement of the database of RNA motif−small molecule binding partners. Additional strategies to modulate the function of RNA , including small molecule cleavage and reaction, would also be particularly useful. 63, 64 Both of these approaches importantly can be leveraged to answer fundamental questions about the RNA targets of small molecules in cells and to identify on-and off-targets. Such studies may help fulfill the promise of using the vast data from genome sequencing to directly inform the design of small molecule lead therapeutics, advancing a disease-to-gene-to-drug paradigm.
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